During male sexual development in reptiles, birds, and mammals, anti-Mü llerian hormone (AMH) induces the regression of the Mü llerian ducts that normally form the primordia of the female reproductive tract. Whereas Mü llerian duct regression occurs during fetal development in eutherian mammals, in marsupial mammals this process occurs after birth. To investigate AMH in a marsupial, we isolated an orthologue from the tammar wallaby (Macropus eugenii) and characterized its expression in the testes and ovaries during development. The wallaby AMH gene is highly conserved with the eutherian orthologues that have been studied, particularly within the encoded C-terminal mature domain. The N-terminus of marsupial AMH is divergent and larger than that of eutherian species. It is located on chromosome 3/4, consistent with its autosomal localization in other species. The wallaby 5 regulatory region, like eutherian AMH genes, contains binding sites for SF1, SOX9, and GATA factors but also contains a putative SRY-binding site. AMH expression in the developing testis begins at the time of seminiferous cord formation at 2 days post partum, and Mü llerian duct regression begins shortly afterward. In the developing testis, AMH is localized in the cytoplasm of the Sertoli cells but is lost by adulthood. In the developing ovary, there is no detectable AMH expression, but in adults it is produced by the granulosa cells of primary and secondary follicles. It is not detectable in atretic follicles. Collectively, these studies suggest that AMH expression has been conserved during mammalian evolution and is intimately linked to upstream sex determination mechanisms.
INTRODUCTION
Anti-Müllerian hormone/Müllerian inhibiting substance (AMH/MIS) plays a key role in the formation of the uro- genital system of reptiles, birds, and mammals. In fetal mammals, embryos of both sexes possess two pairs of genital ducts. In males, the Wolffian or mesonephric ducts give rise to the epididymides, vas deferentia, and seminal vesicles, whereas in females the Müllerian or paramesonephric ducts give rise to the oviducts, uterus, and upper portion of the vagina [1] . For normal male development, the Müllerian ducts must regress. In contrast, females must retain their Müllerian ducts; Wolffian ducts degenerate in the absence of testicular androgens.
The regression of the Müllerian ducts is induced by AMH/MIS, a member of the transforming growth factor-␤ superfamily of growth and differentiation factors [2] . During male development, Sertoli cells of the testis secrete AMH, which signals through its type II receptor expressed in mesenchymal cells adjacent to the Müllerian duct epithelium to induce its regression [3, 4] . In mouse and rat male fetuses, AMH expression reaches peak levels during the period of Müllerian duct regression [5, 6] . However, expression continues after Müllerian duct regression is complete but at reduced levels, declining to very low levels after puberty [6] [7] [8] [9] . In contrast, the ovary does not synthesize AMH during fetal stages, creating a permissive environment for female reproductive tract differentiation. It is localized to the granulosa cells of preantral and small and large antral follicles but is not detected in primordial follicles, atretic follicles, and corpora lutea [6, [10] [11] [12] [13] [14] [15] . AMH has been shown to have inhibitory effects on granulosa cell proliferation [16, 17] , aromatase activity, and the expression of the luteinizing hormone receptor [18, 19] . It has also been demonstrated that AMH is an indirect regulator of primordial follicle recruitment via a decrease in FSH and an increase in inhibin [20] .
The AMH promoter region of eutherian mammals is highly conserved and contains binding sites for SF1, GATA, and SOX9. In the mouse these factors regulate Amh transcription [21] [22] [23] [24] [25] [26] [27] [28] [29] . The SF3A2 gene (splicing factor 3a, subunit 2; also known as Sap62; spliceosome-associated protein, 62-kd) lies immediately upstream of AMH in mouse, human [30] , and rat (http://ratmap.gen.gu.se). In the mouse, the Sf3a2 termination codon is located within approximately 300 bp of the Amh start codon. In contrast, there is no SF3A2 in the chicken within 1 kb upstream of the AMH start codon [31] . Apparently, promiscuous expression of Amh has been noted in the mouse, occurring as read-through transcription from the Sf3a2 gene. The close proximity of the SF3A2 gene to AMH could affect its temporal and spatial expression pattern in mouse, rat, and human [30] .
Marsupial and eutherian mammals diverged from a common ancestor around 100 million years ago [32] . Marsupials have a unique mode of reproduction relative to eutherian mammals, giving birth to highly immature, or altricial, young that complete much of their development after birth. In the tammar wallaby (Macropus eugenii), the first signs of sexual differentiation in the male gonad occurs around 1 day before birth when presumptive Sertoli cells show a greater cytoplasmic:nuclear ratio than the somatic cells of the female gonad [33] [34] [35] . From this time until day 2 pp (post partum), Sertoli cells differentiate and align into seminiferous cords; Leydig cells differentiate in the interstitium and testicular levels of testosterone increase [34] [35] [36] . The onset of ovarian differentiation is not apparent until approximately 8 days after birth [35, 37, 38] . In the wallaby, the regression of the Müllerian ducts occurs between 6 and 7 and 20 days pp [35, 39] , and AMH bioassayable activity is detectable in early pouch life from days 2 through 80 pp [40, 41] . Thus, in contrast to eutherian mammals, the sexual differentiation of the gonads and genital ducts in marsupial mammals occurs after birth and over a relatively prolonged period.
The aim of this study was to isolate and characterize the complete AMH gene from the tammar wallaby, an Australian macropodic marsupial of the kangaroo family. The temporal and spatial expression profiles of AMH in the gonads of the male pouch young were determined relative to testicular differentiation and the onset of Müllerian duct regression. The pattern of AMH protein expression was determined in the adult ovary during follicular development. We also sequenced the wallaby AMH promoter to investigate the presence of the SF1, SOX9, and GATA transcription factor-binding sites and SF23A.
MATERIALS AND METHODS

Animals and Tissue Collection
Tammar wallabies (M. eugenii) were maintained in our breeding colony in grassy, outdoor enclosures in Melbourne, Australia. Lucerne cubes, grass, and water were provided ad libitum and supplemented with fresh vegetables. During the breeding season, adult females were checked daily for births (day 0, and pouch young of both sexes and various ages were collected for tissue samples. In cases in which the day of birth was uncertain, the age of the pouch young was determined by head length measurements [42] . The sex phenotype was determined by the presence or absence of scrotal and mammary primordia [38, 43] or genetic sexing [44] . At least three samples of each sex were collected for every 2 days between the day of birth and day 10 as well as adults. All experimental procedures conformed to Australian National Health and Medical Research Council (1990) guidelines for humane animal care and were approved by the University of Melbourne Animal Experimentation Ethics Committees. Animals were held under permits from the Department of Natural Resources, Victoria, and Parks and Wildlife, South Australia.
Cloning of the Tammar Wallaby AMH Gene
We used published polymerase chain reaction (PCR) primers [45] to amplify a 235-bp fragment of the AMH gene from tammar wallaby male genomic DNA. Cycle parameters were: 95ЊC 5 min; 95ЊC 1 min, 42ЊC 1 min, 72ЊC 1 min, 5 cycles; 95ЊC 1 min, 55ЊC 1 min, 72ЊC 1 min, 30 cycles; 72ЊC 5 min. The wallaby-specific AMH PCR product was radioactively labeled and used to screen approximately 1.2 ϫ 10 6 pfu of a lambda EMBL III (Stratagene, La Jolla, CA) wallaby genomic DNA library prepared from liver DNA using standard procedures. Radiolabeled DNA probes were synthesized by random labeling T7 Quick Prime kit (Pharmacia Australia, Rydalmere, NSW) with [ 32 P]-deoxycytidine triphosphate. Plaque lifts and hybridization procedures were performed according to standard protocols. Three AMH clones with overlapping restriction patterns were identified and their identity confirmed by DNA sequencing.
Exon 1 of the wallaby gene was not present in any of the three AMHcontaining phage clones. Therefore, we constructed and screened a tammar wallaby bacterial artificial chromosome (BAC) genomic library. Total genomic tammar DNA was prepared from adult white blood cells. DNA was prepared for ligation into the HindIII restriction sites of the pRazorBAC vector. The average insert size was 108 kb. BACs were arranged in a grid in triplicate onto nylon membranes for screening. Approximately 55 000 clones were obtained, corresponding to approximately a 2.2 times coverage of the genome (based on 2.7 ϫ 10 9 genome size estimate). BAC filters were prehybridized in 100 ml of Church buffer containing 1% BSA and 100 l of 10 mg/ml salmon sperm DNA overnight at 65ЊC. The filters were then hybridized for 20 h at 65ЊC with the wallaby AMH probe described above. Filters were then washed at low stringency (2 ϫ saline sodium citrate [SSC]/0.1% SDS) at 65ЊC for 20 min and then at medium stringency (1 ϫ SSC/0.1%SDS) at 65ЊC and exposed to X-OMAT (Kodak, Melbourne, Australia) film for several days. Wallaby-specific AMH primers within exon 5 were used for PCR to verify putative AMHcontaining BAC clones. A single PCR-positive AMH BAC clone was isolated.
A fragment of wallaby AMH exon 1 was isolated using cross-species primers for reverse transcription (RT)-PCR on day 4 pp pouch young testis RNA. The primers were 5Ј CCTGAGGGTGGTGGGGGYYCT 3Ј and 5Ј AGCGGGTATGGTGTGGAGTCA 3Ј. Subsequently, forward and reverse wallaby-specific AMH exon 1 primers were used to determine the entire sequence of exon 1 using the wallaby AMH BAC as a genomic DNA sequencing template. Long template PCR from wallaby AMH exon 1 to exon 2 determined the size of intron 1 to be 3.3 kb.
Fluorescence in Situ Hybridization
The tammar wallaby karyotype includes a total of 16 chromosomes, including 7 pairs of autosomes and a pair of sex chromosomes. Each of the chromosome pairs are morphologically distinct with the exception of pairs 3 and 4 which cannot be differentiated. The chromosomal location of AMH was determined by fluorescence in situ hybridization (FISH) of wallaby fibroblasts as described previously [46] , using a wallaby AMH phage genomic clone.
Reverse Transcription-Polymerase Chain Reaction
RNA was isolated from pouch young gonads, mesonephros, and liver and adult ovary and testis, according to the protocol given in Koopman et al. [47] . Intron-spanning RT-PCR primers for wallaby AMH located in exons 1 and 2 were: forward, 5Ј CCTGAGGGTGGTGGGGGGTCT 3Ј and reverse, 5Ј CCAGACGAAAGAGCAGAACCT 3Ј. Wallaby phosphoglycerate kinase (PGK) primers were used as a control for RNA integrity: forward, 5Ј GAAACTGACCTTGGACAAGGTG 3Ј and reverse, 5Ј TGTTCCCAGAAGCATCTTTGCC 3Ј [48] . RT-PCR conditions were: 94ЊC 1 min; 94ЊC 30 sec, 65ЊC 1 min, 72ЊC 1 min, 30 cycles. Samples were analyzed on a 0.8% agarose gel.
Immunohistochemistry
Tissues were fixed in 4% paraformaldehyde overnight at 4ЊC, rinsed several times in 1 ϫ PBS, and embedded in paraffin. Immunohistochemistry for AMH was performed using the Tyramide Signal amplification kit (NEN-DuPont, Sydney, Australia,) according to the manufacturer's instructions. The primary antibody was either a rabbit polyclonal against recombinant human AMH, used at a concentration of 5 g/ml (a generous gift of Dr. Nathalie Josso) or C-20 goat polyclonal raised against human AMH, used at 10 g/ml (Santa Cruz Biotechnology Inc., Santa Cruz, CA). The secondary antibody was an anti-rabbit or anti-goat IgG conjugated to peroxidase (Amersham Pharmacia), used at a 1:1000 dilution, respectively. Immunostaining was visualized with diamino-benzidine, and sections were counterstained with hematoxylin.
RESULTS
Cloning and Characterization of the Wallaby AMH Gene
The wallaby AMH gene (GenBank Accession no. AY346371) encoded a predicted protein of 634 amino acids (Fig. 1) .
The entire wallaby AMH protein has an overall amino acid similarity with human AMH of 70%, cow 69%, pig 68%, rat 68%, mouse 68%, chicken 70%, and alligator 69% ( Fig. 2A) . Amino acid similarity between mammalian spe- cies was lowest in the N-terminal domain, with significantly higher similarity (Ͼ90%) in the proteolytically cleaved mature C-terminus ( Fig. 2A) . There was least identity in exon 1. The predicted proteolytic cleavage site between the Nterminus and the mature C-terminus (527-LR/SA-530) was located between amino acids 528 and 529 encoded within exon 5. The entire wallaby AMH amino acid sequence was used to construct a phylogenetic tree constructed using the ClustalW method [49] . The results show that wallaby AMH clusters with the AMH proteins of eutherian mammals, whereas chicken forms a separate branch (Fig. 2B) .
Wallaby AMH, like all other AMH genes that have been characterized, was encoded by 5 exons (Fig. 3A) . The exon/ intron structure of the wallaby AMH gene located between exons 2 and 5 was highly conserved with other species. The faint band observed in adult testis is thought to represent basal levels of transcription because AMH is not detectable by immunocytochemistry. Lane C shows a negative control in which template DNA was omitted. PGK1 primers were used to control for the integrity of the RNA used (data not shown).
Structural divergence was found in the sizes of exon 1 and intron 1 of wallaby AMH in comparison with eutherian mammals. Notably, intron 1 of the wallaby AMH gene was much larger (Ͼ3 kb) than intron 1 (ϳ350 bp) of eutherian mammals, and exon 1 encoded 46 additional amino acids.
The region upstream of exon 1 of wallaby AMH had SF1-, SOX9-, and GATA-binding sites, and their spatial distribution relative to each other was conserved with respect to eutherian mammals (Fig. 3B) . Interestingly, a putative SRY-binding site (attgACAAtgca) was also identified immediately adjacent to the proximal SF1-binding site. The putative SRY-binding site was 100% conserved within the SRY core-binding domain and 88% conserved within the flanking sequence, as predicted by MatInspector V2.2 (http: //transfac.gbf.de/cgi-bin/matSearch/matsearch.pl).
To determine whether wallaby SF3A2 was upstream of AMH, we sequenced 1.8 kb upstream of the wallaby AMH translation start codon and were unable to identify any significant open reading frames sharing homology to the mouse or human Sf3a2/SF3A2 genes ( Fig. 3A and data not shown). Several attempts were also made to PCR amplify SF3A2 using degenerate primers designed from conserved regions of the human, mouse, and rat sequences, but no wallaby sequences were amplified.
A wallaby genomic phage clone containing AMH exons 2-5 was used to localize AMH to wallaby fibroblast metaphase chromosome spreads. The wallaby AMH genomic phage clone hybridized to the distal end of the long arm of chromosome 3/4 (Fig. 4) .
AMH RNA Expression and AMH Protein Localization in the Wallaby
RT-PCR was used to assess the temporal pattern of AMH expression in the testes and ovaries of wallaby pouch young and adults. AMH expression was detected in newborn pouch young testes but not in newborn pouch young ovaries (Fig. 5) . Similar results were obtained for days 4 and 8 pp pouch young gonads in which expression was detected in testes but not in ovaries (Fig. 5) . In contrast to the lack of AMH expression found in pouch young ovaries, AMH transcripts were readily detected in adult ovaries (Fig. 5) . AMH expression was not detected in fetal liver or mesonephros at day 25 of gestation or after birth on day 3 pp (data not shown). In adults, AMH was detected in the ovary and less intensively in the testis. AMH immunostaining was detected only in Sertoli cells of newborn wallaby testes that had begun to differentiate and organize seminiferous cords ( Fig. 6A and 6B ). By day 2 pp, seminiferous cords had formed in all wallaby testes and all had AMH immunostaining (data not shown). AMH expression was also detected in all testes from day 2 to day 10 ( Fig. 6C and data not shown). No AMH immunostaining was observed in the testes of adult wallaby males during the breeding season (Fig. 6E) .Wallaby ovaries between the ages of day 0 and day 10 pp were negative for AMH immunostaining (Fig.  6D and data not shown) . In the adult ovary, primordial follicles in which the granulosa cells were flat were negative for AMH staining (data not shown). However, transitional and primary follicles with granulosa cells that had become cuboidal stained weakly for AMH (Fig. 6F) . Preantral follicles stained more strongly for AMH (Fig. 6G) . Early antral follicles also expressed AMH (Fig. 6H) . Strong staining was detected in the mural and cumulus granulosa cells of secondary follicles and large antral follicles (Fig.  6I) . In atretic follicles, some granulosa cells remained AMH immunopositive, but the majority of granulosa cells were AMH negative (Fig. 6J) .
DISCUSSION
The wallaby AMH gene is encoded by 5 exons, as are all other AMH genes that have been characterized, including chick, mouse, rat, and human [6, 31, 50] . This fiveexon structure appears to be a genetic signature for all AMH genes. The genomic structure between exons 2 and 5 is highly conserved between all species examined. However, the wallaby AMH gene diverges from those of eutherian mammals because of the greater size of exon 1 and intron 1. The wallaby AMH is 58 amino acids longer than the largest eutherian mammal AMH protein (cow, 576 amino acids) but similar in length to that of chicken AMH, which encodes a protein of 644 amino acids. The additional Nterminal sequence does not appear to be essential for Mül-lerian duct regression because the regression activity of the hormone is confined to the C-terminus [51] . Interestingly, the genomic structure of chicken AMH also diverges from eutherian mammals because of a larger exon 1 [31] . This may be associated with the apparent absence of the SF3A2 locus in wallaby and chicken that lies just upstream of eutherian mammal AMH genes (see below). A partial DNA sequence encoding a portion of the mature C-terminal re- Testis from a different male on the day of birth. Note that seminiferous cords have yet to form and the testis has yet to begin producing AMH. C) Testis from a 10 day pp pouch young showing cord formation and strong immunostaining for AMH within the seminiferous tubules. D) AMH immunostaining is not present in ovaries from 10 day pp pouch young. E) AMH protein is not detected in the adult testis. F) Primary or transitional follicles in which the granulosa cell nuclei are becoming cuboidal in shape stain weakly for AMH. G) All preantral follicles are immunostained for AMH (this is a biovular follicle). H) In early antral follicles, AMH is present in the granulosa cells closest to the oocyte that are destined to become the cumulus cells as well as in the mural granulosa cells. I) All mural and cumulus granulosa cells of antral follicles synthesize AMH. J) Atretic follicles cease producing AMH. Scale bars ϭ 100 m in A-E and H-J and 50 m in F and G.
gion of AMH has previously been reported for another Australian marsupial, the brushtail possum (Trichosurus vulpecula) [52] . The brushtail possum AMH C-terminal region shares 93% sequence identity with the corresponding wallaby AMH C-terminus. Analysis of the possum partial AMH sequence shows that it is more similar to wallaby AMH than eutherian AMH proteins, creating a cluster of related marsupial AMH proteins.
The transcriptional regulation of the Amh gene has been studied extensively in vitro and in vivo. These studies have shown that Amh expression is regulated by binding sites for various transcription factors, including SF1, SOX9, and GATA, located just upstream of the transcription start site [21] [22] [23] [24] [25] [26] [27] [28] [29] . The spatial relationships of these transcription factor-binding sites is also highly conserved. The 5Ј region of the wallaby AMH gene contains the same transcription factor-binding sites seen in eutherians, suggesting that wallaby AMH transcription is likely to be regulated by the same factors. In addition, the wallaby AMH regulatory region also has a putative SRY-binding site. If functional, this SRY-binding site could provide additional regulatory input for Sertoli cell-specific AMH transcription in the wallaby testis. Our previous studies have shown that SOX9 and SF1 are all expressed in the marsupial testis from at least day 1 pp and so are likely to regulate AMH transcription in the wallaby [44, 46, 53] . These findings suggest that during mammalian evolution AMH expression has been intimately linked to upstream sex determination mechanisms and that these mechanisms have remained intact despite marsupials undergoing sexual differentiation after birth.
The SF3A2 gene resides immediately upstream of mouse, rat, and human AMH genes [30] (UniGene Cluster Rn.41492 Rattus norvegicus). In the mouse and rat, the Sf3a2 termination codon is only 434 bp and 432 bp upstream of the Amh translation start codon, respectively, whereas in human the equivalent region is 789 bp [30] (UniGene Cluster Rn.41492 R. norvegicus). Sf3a2 is ubiquitously expressed, and RT-PCR analysis in the mouse showed that a significant amount of transcripts fail to polyadenylate, leading to read-through transcription into Amh. However, in the wallaby, we were unable to identify a SF3A2 orthologue within 1.8 kb of the AMH gene start codon. Therefore, if marsupials possess a SF3A2 orthologue, it is significantly farther upstream of the AMH locus than in eutherian mammals or located downstream or resides on a different chromosome altogether. A similar situation was found in the chicken, in which no homology to SF3A2 was detected within the 1.05 kb upstream of the AMH start codon [31] . Interestingly, the structures of both wallaby and chicken AMH genes diverge from eutherian AMH genes within exon 1 and intron 1. Because exon 1 is the most divergent and therefore least likely to be critical for function, its arrangement may not reflect any functional difference between these groups. Alternatively, it is possible that the presence of SF3A2 immediately upstream of the AMH loci has constrained their genomic structure within eutherian mammals.
AMH bioactivity in the male wallaby is first detected from at least 2 days pp [40] , and the earliest signs of Mül-lerian duct regression begin around days 6-7 pp [39] . The difference in timing of these two events most likely reflects the time taken for Amh mRNA to be transcribed, translated into protein, and accumulated in sufficient quantities to initiate Müllerian duct regression. We detected AMH transcripts by RT-PCR in the testes of newborn wallaby pouch young and in pouch young up to day 10 pp using immunocytochemistry. At later stages there appears to be a marked down-regulation beginning at day 59, and AMH is no longer present by day 88 by which time the Müllerian ducts have completely regressed (G. Wijayanti, M.B. Renfree, G. Shaw, and N. Josso, unpublished observations). In ultrastructural studies the Sertoli cells differentiate and normally aggregate into seminiferous cords at around day 2 pp but, because of subtle variances in gestation length, in about 1 in 10 males this process has occurred by the time of birth [33] . In eutherian mammals the onset of AMH synthesis is correlated with the formation of seminiferous cords [2, 5, [54] [55] [56] [57] . However, AMH production is dependent on Sertoli cells and not on cord formation because disaggregated Sertoli cells that do not form cords continue to produce AMH [58] . At the time that Sertoli cells in the rat form cords, they acquire well-developed rough endoplasmic reticulum [59] . Similarly, tammar wallaby Sertoli cells have well-developed rough endoplasmic reticulum at the time that they form cords (M.B. Renfree and D.J. Whitworth, unpublished observations). A similar pattern of expression has been reported for the male brushtail possum in which AMH mRNA was localized by in situ hybridization to the Sertoli cells of the developing testis by the time of sexual differentiation and down-regulated in the adult testis [52] . This is consistent with expression in eutherian mammals in which the testis continues to produce AMH until puberty when the germ cells initiate spermatogenesis [6] [7] [8] [9] 60] .
In the developing female wallaby, there was no AMH detected at any stage using immunocytochemistry. In eutherian females, AMH is not expressed during fetal development but soon after birth becomes detectable in granulosa cells of developing follicles in the ovary. The ovary of the newborn marsupial at a stage of development is similar to that of a eutherian fetal ovary (i.e., folliculogenesis has not begun). Therefore, our finding that AMH transcripts and AMH protein are not expressed in the ovary of wallaby pouch young is consistent with findings in eutherian mammals. Surprisingly, a low level of AMH transcripts was detected by in situ hybridization in day 2 pp ovaries of the brushtail possum [52] . If these AMH transcripts are truly present, they must not produce sufficient amounts of AMH protein to induce Müllerian duct regression in female brushtail possums. The AMH expression found in the mural and cumulus granulosa cells of antral follicles in the wallaby ovary is similar to that observed in eutherian mammals [6, [10] [11] [12] [13] [14] [15] and the brushtail possum [52] , except that wallaby AMH was also detected in small primary/transitional follicles. Similarly, AMH is detected in primary follicles of the brushtail possum [52] AMH in the tammar wallaby is therefore highly conserved and as in all other mammals has an autosomal location, and its promoter region contains GATA-, SOX9-, SFI-and SRY-binding sites. Unlike eutherians, there is no SF3A2 gene within 1 kb of the AMH start codon. The gene is larger than that of other mammals, but its expression pattern in male and female wallabies is similar to them. Our results confirm that AMH expression has been conserved during the evolution of therian mammals and is intimately linked to upstream sex determination mechanisms in both marsupials and eutheria.
